Haemolytic phospholipase C (PlcH) is a potent virulence and colonization factor that is expressed at high levels by Pseudomonas aeruginosa within the mammalian host. The phosphorylcholine liberated from phosphatidylcholine and sphingomyelin by PlcH is further catabolized into molecules that both support growth and further induce plcH expression. We have shown previously that the catabolism of PlcH-released choline leads to increased activity of Anr, a global transcriptional regulator that promotes biofilm formation and virulence. Here, we demonstrated the presence of a negative feedback loop in which Anr repressed plcH transcription and we proposed that this regulation allowed for PlcH levels to be maintained in a way that promotes productive host-pathogen interactions. Evidence for Anr-mediated regulation of PlcH came from data showing that growth at low oxygen (1 %) repressed PlcH abundance and plcH transcription in the WT, and that plcH transcription was enhanced in an Danr mutant. The plcH promoter featured an Anr consensus sequence that was conserved across all P. aeruginosa genomes and mutation of conserved nucleotides within the Anr consensus sequence increased plcH expression under hypoxic conditions. The Anr-regulated transcription factor Dnr was not required for this effect. The loss of Anr was not sufficient to completely derepress plcH transcription as GbdR, a positive regulator of plcH, was required for expression. Overexpression of Anr was sufficient to repress plcH transcription even at 21 % oxygen. Anr repressed plcH expression and phospholipase C activity in a cell culture model for P. aeruginosa-epithelial cell interactions.
INTRODUCTION
Pseudomonas aeruginosa squanders few opportunities to colonize a vulnerable human host. In addition to engendering a range of nosocomial infections, including keratitis (Green et al., 2008) , burn wounds (de Macedo & Santos, 2005) , endocarditis (Baddour et al., 2005) and implanted medical devices (Hidron et al., 2008) , it also colonizes the lungs of 80 % of persons with the heritable disease cystic fibrosis (CF) (Rajan & Saiman, 2002; Rosenfeld et al., 2003) . Colonization by P. aeruginosa contributes to the decline of lung function in this patient population (Rajan & Saiman, 2002) , due in part to its wide array of virulence factors that promote its growth and persistence within the host. One such virulence factor is the well-characterized exotoxin haemolytic phospholipase C (PlcH), which is secreted by P. aeruginosa when in association with eukaryotic hosts. PlcH is essential for virulence in co-culture with fungal filaments, on Arabidopsis leaves, in Galleria mellonella larvae and in mammalian hosts (Hogan & Kolter, 2002; Jander et al., 2000; Rahme et al., 2000) , highlighting its importance in diverse models of infection.
PlcH degrades the abundant phospholipids phosphatidylcholine (PC) and sphingomyelin, which are found in eukaryotic membranes and in lung surfactant (Berka & Vasil, 1982; Vasil, 2006) . PC degradation releases both fatty acids and choline-containing compounds that are further degraded for catabolism (Kang et al., 2008; Son et al., 2007; Wargo et al., 2008) . Once choline is liberated and transported into the cytoplasm, its catabolism promotes the activity of the transcriptional regulator Anr through an unknown mechanism under conditions where oxygen is normally destructive to the active dimer (Jackson et al., 2013; Malek et al., 2011; Massimelli et al., 2005) . Anr is a homologue of the well-known Escherichia coli anaerobic regulator Fnr. Fnr is activated under conditions where oxygen levels are low because the presence of molecular oxygen destroys the [4Fe-4S] 2+ cluster cofactor necessary for its dimerization and DNA-binding activity (Lazazzera et al., 1996; Sawers, 1991) . Anr mediates the respiratory switch from normoxic to hypoxic and anoxic conditions (Schreiber et al., 2007; Ye et al., 1995) . We reported previously that Anr was essential for normal biofilm development and host colonization in P. aeruginosa (Jackson et al., 2013) . Wessel et al. (2014) recently demonstrated that densely populated P. aeruginosa colonies are depleted for oxygen. Furthermore, P. aeruginosa-containing mucus plugs have been shown to be strongly hypoxic in vivo (Høiby et al., 2001) . For these reasons, we were interested in the fate of plcH expression in hypoxic environments.
Positive regulation of plcH expression occurs under circumstances where inorganic phosphate is limiting via the response regulator PhoB (Shortridge et al., 1992) and when choline is available (Shortridge et al., 1992; Wargo et al., 2009) . GbdR, an AraC family transcription factor, positively regulates plcH expression in response to glycine betaine (GB) and dimethylglycine (DMG) (Wargo et al., 2009) . GB and DMG are acquired from the oxidation of choline, and act as inducers for GbdR activity (Wargo et al., 2008; Wargo et al., 2009) . To date, there are few publications reporting negative regulation of plcH in P. aeruginosa. Two reports demonstrated catabolite repression-mediated silencing of the plcH promoter (Diab et al., 2006; . P. aeruginosa does not induce plcH when given choline in the presence of succinate, the preferred carbon source in the bacterium (Collier et al., 1996) , allowing it to catabolize the other sources of carbon and energy, such as choline (Diab et al., 2006; . The histone-like nucleoid-associated proteins MvaT and MvaU were both shown to bind and inhibit the transcription of the plcH ORF in P. aeruginosa (Castang et al., 2008) . Several publications have reported that a canonical Anr consensus sequence is positioned within the plcH promoter (Galimand et al., 1991; Trunk et al., 2010) , suggesting a role for negative regulation of plcH by Anr. However, this regulatory scheme has not been established.
In this publication, we provide evidence that Anr repressed PlcH activity and plcH transcription under oxygen-limiting conditions. Anr-mediated repression of plcH was conserved in genetically distinct P. aeruginosa strains. Although Anr and the secondary regulator Dnr had identical consensus sequences, Dnr did not contribute to plcH repression under these conditions. Based on the finding that mutation of the Anr consensus sequences led to higher levels of plcH, we propose that Anr binds directly to the plcH promoter. Finally, we showed that Anr repressed plcH expression and phospholipase C (PLC) activity in co-culture with cultured human bronchial epithelial cells. These data established the long-suspected link between plcH expression and Anr activity in P. aeruginosa.
METHODS
Growth conditions. All of the strains used in these studies are listed in Table 1 . Strains were maintained on lysogeny broth (LB) and during genetic manipulations. When indicated, media were supplemented with gentamicin at 60 mg ml 21 for P. aeruginosa and 10 mg ml 21 for E. coli. For overexpression studies, the medium was supplemented with 300 mg carbenicillin ml 21 . Unless otherwise noted, cultures were grown in MOPS medium (Neidhardt et al., 1974) that contained 10 mM glucose, 1 mM choline chloride and 8 mM ferric chloride (MOPS-GCF). Overnight cultures were grown in 5 ml LB medium on a roller drum at 37 uC. For experiments, cultures in 50 ml flasks with 5 ml MOPS-GCF medium were used. Growth at 21 % oxygen was performed on a platform shaker at 225 r.p.m. in MOPS-GCF. For growth at 1 % oxygen, P. aeruginosa was cultured on a platform shaker at 225 r.p.m. in an InvivO 2 400 Hypoxia Workstation (Ruskinn Technology) where the oxygen set point was 1 % and the carbon dioxide set point was 5 %. Oxygen levels were maintained with 94 % nitrogen and a gas regulator.
General statistics. Experimental replicates were averaged for c.f.u., b-galactosidase and quantitative real-time (qRT)-PCR experiments. The means were compared using a two-sample t-test assuming unequal variance. P¡0.05 was considered significant.
Construction of in-frame deletion mutants and plasmids. The Ddnr, Ddnr att : dnr and PAO1 pAnr-OE strains were constructed for this publication. The remaining strains listed in Table 1 were constructed previously as referenced. The dnr sequence, with its 1 kb up and downstream flanking regions (Winsor et al., 2011) , was amplified and ligated into pMQ30 using yeast cloning (West et al., 1994) . pDnrKO was transformed into E. coli S17lpir and then mated overnight with PAO1. Single-crossover mutants were selected by growth on gentamicin; then, following resolution of the merodiploid, double-crossover events were confirmed by growth on LB medium plates containing 5 % sucrose without NaCl. In-frame deletion mutants were identified by PCR. To complement Ddnr, dnr was amplified from PAO1 with its native promoter and ligated into puc18T-mini-Tn7T-Gm (Choi & Schweizer, 2006) . The plasmid was then conjugated into P. aeruginosa to complement Ddnr at the att site. Overexpression constructs were made by amplifying the target gene in PAO1 without its native promoter and cloned into pMQ123 (Shanks et al., 2006) . For plcH promoter mutagenesis assays, two of the nucleotides within the Anr consensus sequence were mutated in pMW22 by GenScript mutagenesis services.
PLC activity assays. To visualize haemolytic activity, agar plates containing 5 % defibrinated sheep blood (Remel) were utilized. Plates were supplemented with 500 ml 1 M potassium phosphate (pH 7.0) by top spreading to prevent plcH induction due to phosphate limitation. Aliquots of 1 ml P. aeruginosa PAO1 WT and selected mutant overnight LB cultures were washed twice with an equal volume of distilled water and then spotted in 5 ml volumes onto the agar followed by 24 h incubation at 37 uC. Plates were imaged before and after the colonies were scraped off with a coverslip; removal of the colony allowed for better visualization of the zone of haemolysis.
To measure PLC activity, 10 ml P. aeruginosa WT and selected mutant supernatants were incubated with 90 ml artificial substrate pnitrophenyl-phosphorylcholine (NPPC) as described by Kurioka & Matsuda (1976 2009). Briefly, the lacZYA operon was amplified from pRS415 (Simons et al., 1987) and ligated into pUCP22 (Schweizer, 1991) following digestion at KpnI and EcoRI, resulting in pMW5. A plcH promoter fragment (position 2374 to 213) was amplified from pAES110 plcH : : lacZYA and ligated into pMW5 following digestion with XbaI and BamHI, resulting in pMW22. pMW22 was transformed into P. aeruginosa by electroporation and gentamicin-resistant colonies were selected as positive transformants. Cells were grown overnight at 37 uC in LB, then diluted into either 5 ml of fresh MOPS-GCF medium in a 50 ml flask at a starting OD 600 0.05 or spotted onto phosphate-supplemented blood agar plates. Planktonic cultures were shaken at 225 r.p.m. at 37 uC for 6 h under atmospheric conditions or in a chamber with 1 % oxygen. For platebased assays, colonies were collected after 16 h of growth in a chamber with 1 % oxygen at 37 uC. b-Galactosidase activity was measured as described previously (Miller, 1992; Zhang & Bremer, 1995) .
qRT-PCR. Cultures were grown in MOPS-GCF medium at 21 or 1 % oxygen. After 6 h, cells were harvested and RNA was isolated using an RNeasy kit (Qiagen). Following DNase treatment (DNA-free; Ambion) and cDNA synthesis, qRT-PCR was performed as follows: 94 uC for 3 min, 30 cycles of 94 uC for 30 s, 56 uC for 30 s and 72 uC for 30 s, an extension at 72 uC for 2 min, and then a hold at 4 uC. The reaction mixtures used the Power SYBR master mix according to the manufacturer's instructions. The following primers were used: dnrForward AGCCAGCTGTTCCGTTTCTC, dnr-Reverse GTGGCGTT-CTTCAGGGAAAG; ppiD-Forward GGTGAGTCGTGGAAAGTGGT, ppiD-Reverse GTACATGGCCTTCTCGTCCT; and plcH-Forward GCAGTTGAACATCCGCAATC, plcH-Reverse CTGGTTCGGTTCG-AGTTCATAG. Both the amplification and analysis were performed using the Applied Biosystems 7500 Real-Time PCR System. Experimental transcripts were normalized to the housekeeping gene, ppiD.
Biofilm assays on airway epithelial cells. For culture on airway epithelial cells, 5610 5 mutant CF transmembrane conductance regulator (CFTRDF508) homozygous human CF bronchial epithelial (CFBE) cells (CFBE41o 2 ) (Cozens et al., 1994) were grown either in six-well plates or glass-bottomed dishes (MatTek), and then maintained in minimal essential medium (MEM) with serum for 9-10 days. Once a confluent monolayer formed, overnight cultures of P. aeruginosa strains in LB were resuspended into MEM to 1610 8 c.f.u. Epithelial cells were washed once, then inoculated with 1 ml containing 1610 8 P. aeruginosa and incubated for 1 h. Planktonic cells were removed and co-cultures were re-fed with serum-free MEM. PLC activity was measured in co-cultures that were not re-fed over the 5 h incubation period. To quantify bacterial cell attachment, cocultures were washed twice with Dulbecco's PBS and then treated with 1 ml 0.1 %Triton X-100 to detach and lyse epithelial cells along with attached bacteria from the wells. The cultures were homogenized, serially diluted, plated for c.f.u. on Pseudomonas isolation agar and counted after growth at 37 uC for 24 h.
RESULTS

Oxygen limitation represses PlcH activity in P. aeruginosa
We have shown previously that PlcH activity on host PC in environments with oxygen leads to enhanced activation of the anoxia-associated Anr regulon, and that Anr promotes virulence in a pneumonia model and early steps in the colonization of airway epithelial cells (Jackson et al., 2013) . When observing P. aeruginosa colonies grown on blood agar under normoxic and low oxygen conditions, we observed evidence for an additional relationship between oxygen tension and PlcH activity.
P. aeruginosa strain PAO1 haemolysis of sheep blood agar in plates was dependent on PlcH, as shown previously (Wargo et al., 2009 ). This was demonstrated by the fact that the WT formed clear zones in the agar underneath each colony, whilst DplcHR mutant colonies did not (Fig. 1a) . Growth and haemolysis on the blood agar plates incubated at atmospheric oxygen (21 %) and under oxygen-limiting (1 %) conditions was assessed. Oxygen was indeed limiting at 1 % as growth was slower and the final number of c.f.u. within colonies was twofold lower in 1 % oxygen when compared with atmospheric oxygen (data not shown). The haemolytic phenotype of the PAO1 WT strain was strikingly different at 1 % oxygen as compared with 21 % oxygen. Under atmospheric oxygen conditions, a region of complete haemolysis was observed under WT colonies, whilst colonies incubated at 1 % oxygen did not give rise to a haemolytic zone.
To determine if decreased PlcH-dependent haemolysis at 1 % oxygen was due to decreased plcH expression, we measured plcH expression in liquid cultures grown with shaking in chambers that were maintained at either 21 or 1 % oxygen. Activation of the plcH transcription was measured using a promoter fusion construct in which the plcH promoter was fused to lacZ. The transcriptional fusion strain was grown in planktonic cultures in MOPS-GCF medium. Mirroring the phenotypes observed on blood agar plates, plcH-lacZ expression was threefold lower at 1 % atmospheric oxygen when compared with 21 % oxygen (Fig. 1b) .
Anr represses plcH transcription at 1 % atmospheric oxygen
A sequence identical to that recognized by the oxygensensitive transcriptional regulator Anr is present within the plcH promoter region (Galimand et al., 1991; Trunk et al., 2010) . Anr mainly acts as a regulator of gene expression under micro-oxic and anoxic conditions (Arai et al., 1995; Kawakami et al., 2010; Lu et al., 1999; Ye et al., 1995) , and its activity increases as oxygen tensions decrease. The putative Anr-binding site (59-TTGAT-N 4 -ATCAA-39) lies downstream of the choline-dependent transcriptional start site ( Fig. 2a) (Vasil, 1994) , leading us to speculate that Anr was involved in the repression of plcH transcription under low oxygen conditions. To test this hypothesis, we grew WT, Danr and the complemented Danr mutant in MOPS-GCF medium in a 1 % oxygen atmosphere. The growth kinetics were similar between the anr mutant and the WT at 1 % oxygen, and this was consistent with published work showing that anr mutants were still able to grow and induce high-affinity cytochrome oxidase at oxygen concentrations as low as 0.4 % oxygen (Alvarez-Ortega & Harwood, 2007) . We found that the Danr mutant cultures displayed threefold more b-galactosidase activity than WT or the anr complemented strain under low oxygen conditions (Fig. 2b) . The Danr mutant also had higher levels of b-galactosidase activity in comparison with the WT strain when grown as colonies on blood agar (Fig. S1a , available in the online Supplementary Material). In aerated cultures grown in MOPS-GCF medium, activation of the plcH promoter was shown to be regulated positively by GbdR via the choline catabolites GB and DMG (Wargo et al., 2009) . We found that GbdR activation of the plcH promoter was required for any detectable plcH expression under the 21 and 1 % oxygen culture conditions, indicating that the decreased Anr activity was not sufficient to promote plcH transcription (Fig. S2) .
Analysis of the genome sequences from 27 published P. aeruginosa strains revealed that the Anr motif in the strain PAO1 plcH promoter (Fig. 2a) was conserved in all strains, including PA14, suggesting that Anr-mediated regulation of plcH may be conserved across strains. To explore this prediction, the plcH promoter fusion constructs were introduced into a strain PA14 mutant also had significantly higher levels of plcH promoter activity when compared with the strain PA14 WT (Fig. S1b) , indicating that plcH repression by Anr at low oxygen was not a strain-specific phenomenon.
Anr overexpression is sufficient to repress plcH expression
To determine if increased Anr activity was sufficient to repress plcH transcription, we overexpressed Anr from a plasmid in strain PAO1 WT at 21 % oxygen and measured the abundance of plcH transcripts. To validate that anr overexpression in cultures grown with 21 % oxygen leads to increased Anr activity, we measured levels of dnr, an Anr-regulated transcript (Schreiber et al., 2007) . In the overexpression strain, there was a 29-fold increase in dnr transcript abundance compared with a strain expressing the empty vector (Fig. 3) . We observed a 10-fold reduction in plcH transcript levels upon Anr overexpression in comparison with the vector control (Fig. 3) . These results indicated that Anr was active upon overexpression and suggested that Anr activity was sufficient to repress plcH transcription. The increased Anr activity upon anr overexpression even in the presence of oxygen may indicate that higher Anr levels poise cells to rapidly modulate the Anr regulon as cultures enter into a low oxygen or reducing phase (Dibden & Green, 2005) due to increasing cell density or it may suggest that Anr is also capable of modulating gene expression without fully intact metallocentres or dimers.
Dnr does not repress plcH in colony biofilms
Anr positively regulates a homologous transcriptional regulator, Dnr, which controls the subset of anoxiainduced genes involved in dissimilatory nitrate respiration and thus is required for anaerobic growth when nitrate is supplied as an electron acceptor (Arai et al., 1995 (Arai et al., , 1997 (Fig. S3) . Although Anr and Dnr recognize the same consensus sequences, they have different modes of activation. Whilst Anr is active with an intact 4Fe-4S cluster, Dnr is activated when its haem cofactor is oxidized by nitric oxide and induces a conformational change in the protein that allows for DNA binding (Rodionov et al., 2005; Trunk et al., 2010) . The two transcription factors regulate some of the same genes in P. aeruginosa (Rompf et al., 1998; Schreiber et al., 2007) ; however, Dnr did not appear to be involved in the repression of plcH. Whilst the Danr mutant had higher plcH-lacZ activity under oxygen-limited conditions (P,0.01, Fig. 4) , plcH transcription in the dnr mutant background was the same as in the WT (Fig. 4) . Furthermore, the Danr Ddnr double mutant displayed significantly more activity at the plcH promoter than the Ddnr single mutant and was indistinguishable from the Danr mutant (Fig. 4 , Ddnr compared with Danr Ddnr), indicating that under these conditions Anr, not Dnr, plays a role in plcH repression.
Anr consensus sequence is necessary for plcH repression at 1 % oxygen
To further test our hypothesis that Anr directly regulated the plcH promoter, mutagenesis of the Anr box within the promoter of a plcH-lacZYA plasmid, pMW22, was performed (Wargo et al., 2009) . The canonical Anr consensus sequence was mutated from 59-TTGAT-N 4 -ATCAA-39 to 59-CTGAT-N 4 -ATCAG-39. These conservative substitutions were chosen based on published data that showed that Anr-mediated activation of the arcD promoter was reduced by eightfold upon mutating the corresponding nucleotides (Winteler & Haas, 1996) . At a concentration of 1 % oxygen, P. aeruginosa strain PAO1 WT expressing the plcH promoter with the mutated Anr site fused to lacZ had twofold higher plcH expression when compared with the comparable strain expressing lacZ under the native plcH promoter (Fig. 5) . These data were highly suggestive of a model in which negative regulation of the plcH promoter under oxygen-limiting conditions occurred via direct interaction between Anr and the plcH promoter.
Anr represses plcH in co-culture biofilms on epithelial cells
Our previous work showed that PlcH production enhanced the activation of Anr in lung surfactant and upon early colonization of airway epithelial cells (Jackson et al., 2013) . P. aeruginosa persists in the CF lung in a biofilm-like mode of growth , and data suggested that P. aeruginosa experiences oxygen limitation and induction of Anr in vivo (Hassett et al., 2009; Jackson et al., 2013; Petrova et al., 2012; Williamson et al., 2012; Worlitzsch et al., 2002) . As P. aeruginosa forms robust biofilms in the CFBE airway epithelial co-culture model system and as Anr is important in this process (Anderson et al., 2008; Jackson et al., 2013) , we sought to determine if Anr regulated plcH expression in this system. In order to assess plcH regulation in co-culture, P. aeruginosa PAO1 WT and Danr strains were co-incubated with a confluent monolayer of CFTRDF508 (CFBE41o 2 ) homozygous human airway epithelial cells for 6 h to allow for biofilm formation (Anderson et al., 2008) . Monolayer-associated cells were enumerated and, as published previously (Jackson et al., 2013) , it was found that anr mutant cocultures contained threefold fewer cells associated with the airway epithelium compared with WT (Fig. 6a) . When plcH promoter activity was measured in WT and Danr strains bearing the plcH-lacZ fusion on a plasmid, we found b-galactosidase levels were twofold higher in the anr mutant compared with the WT (Fig. 6b) . Supernatants recovered from the Danr mutant co-cultures contained significantly more PLC activity than WT (Fig. 6c) . Together these data supported the model where Anr promoted 
DISCUSSION
The regulation and roles of the important virulence factor PlcH are still being revealed. It was known that phosphate and choline catabolites, catabolite repression, and H-NS (histonelike nucleoid structuring protein) regulate plcH expression (Castang et al., 2008; Diab et al., 2006; Shortridge et al., 1992; Wargo et al., 2009) . Additionally, we have reported recently novel links between PlcH-mediated PC catabolism and activation of Anr, a transcription factor that promotes biofilm formation and virulence in P. aeruginosa (Jackson et al., 2013) . Here, we show that Anr represses plcH in conditions as oxygen tensions become low, thereby creating a negative feedback loop in the control of PlcH activity (summarized in Fig. 7) . The loss of a haemolytic phenotype during growth at 1 % oxygen was concomitant with reduced plcH transcription (Fig. 1 ). This evidence, and knowledge of principal hypoxia regulators, led us to suspect that Anr was the effector of this outcome. Mutants lacking Anr had more plcH promoter activity and PLC activity in cultures grown with 1 % oxygen (Fig. 2) , and this was observed in both strains PAO1 and PA14. Under conditions where plcH transcription was not different between the WT and Danr strains (21 % oxygen), Anr overexpression significantly decreased plcH transcript abundance, whilst increasing the abundance of other transcripts known to be regulated positively by Anr (Fig. 3) . We also demonstrated that plcH promoter activity is higher in 1 % oxygen when the Anr-binding sequence is mutated (Fig. 5) . Together, these data provide strong evidence that Anr negatively regulates plcH transcription under low oxygen conditions.
Anr positively regulates target genes involved in utilization of alternate electron acceptors in the absence of oxygen.
These target genes are regulated by secondary transcription factors that are active in the presence of their cognate electron acceptor. For example, the secondary regulator Dnr regulates enzymes involved in the stepwise reduction of nitrate to nitrogen gas in the absence of oxygen during denitrification (Arai et al., 1997 (Arai et al., , 1999 Hasegawa et al., 1998) . In the course of this process, nitrite is reduced to PlcH activity frees lipids and the choline-containing head group, which can be catabolized to choline phosphate (not shown), choline, GB and DMG by P. aeruginosa when oxygen is available (Massimelli et al., 2005 , Wargo et al., 2008 . GB and DMG act as ligands for GbdR, which activates plcH transcription (Wargo et al., 2009) . Choline catabolism induces Anr activity under oxic conditions through an unknown mechanism and Anr activity, in turn, promotes biofilm formation in P. aeruginosa (Jackson et al., 2013) . Biofilms are known to become limiting for oxygen at relatively low volumes (~55 pl) (Wessel, et al., 2014) , which we expect to further increase Anr activity. In addition to plcH repression by the H-NS-like proteins MvaT/U (Castang et al., 2008) , we have shown here that Anr represses plcH expression under conditions where oxygen levels are low. PlcH repression may contribute to a stable host-pathogen interaction.
nitric oxide, which binds to the haem cofactor present on Dnr and induces a conformational change in concert with carbon dioxide, allowing the transcription factor to bind to DNA (Arai et al., 1999; Castiglione et al., 2009; Giardina et al., 2009) . Despite the fact that the Anr-and Dnrbinding sites are indistinguishable from one another Rodionov et al., 2005) , we did not detect higher plcH levels in the dnr mutant indicating that Dnr was not playing a role in plcH repression under our conditions (Fig. 4) . This lack of effect maybe be because nitrate was not added to the blood agar colony biofilms or the planktonic cultures and Dnr may play a role in controlling plcH transcription under other conditions where sources of nitric oxide are available, such as in the CF lung (259 mmol l
21
) (Grasemann et al., 1998; Linnane et al., 1998) . It is important to note that plcH mRNAs are detected across numerous samples, indicating that the regulation of this gene in vivo may be complex .
As reported previously, the anr mutant was defective in biofilm formation on airway epithelia (Fig. 6) (Jackson et al., 2013) . These same studies also showed that PlcH also contributes to host colonization. It is interesting to note that whilst the anr mutant was defective in host colonization, plcH promoter expression and PLC activity were higher in the Danr co-culture supernatants. Together, these data are consistent with our previous work that indicated that one important role for PlcH in the co-culture model is in the activation of Anr and that Anr regulates other factors involved in host colonization.
This regulatory scheme in which PlcH activity is repressed by low oxygen conditions is surprising considering the numerous benefits of PlcH in P. aeruginosa colonization of and virulence towards diverse hosts (Fitzsimmons et al., 2011; Hogan & Kolter, 2002; Jackson et al., 2013; Wargo, 2013) , acquisition of carbon, nitrogen and osmoprotectants (Son et al., 2007; Wargo et al., 2009) , and resistance to host immunity (Terada et al., 1999) . Anr regulation of PlcH may reflect the fact that PlcH-released catabolites (choline and lipids) require oxygen for catabolism (Wargo et al., 2008) (Fig. 7) . Other sources of carbon, such as amino acids, are catabolized in an oxygen-independent manner (Barth & Pitt, 1996) . Thus, it is reasonable to propose that PlcH production may become unfavourable under oxygen-limiting conditions. In addition, it is possible that high levels of PlcH protein could be detrimental to the integrity of P. aeruginosa membranes as P. aeruginosa membranes contain~4 % PC when grown on LB (Baysse et al., 2005) . For this reason, a negative feedback loop in the control of PlcH could be beneficial in chronic infections produced by P. aeruginosa where oxygen becomes limiting (Bjarnsholt et al., 2008; Kirketerp-Møller et al., 2011; Kolpen et al., 2010; Worlitzsch et al., 2002) . It is more striking to note that pulmonary pathologies such as CF, asthma and chronic obstructive pulmonary disorder (COPD) are associated with increased vascularization (Wilson & Robertson, 2002) . In CF patients, the absence or dysfunction of the CFTR protein has been demonstrated to promote the expression of proteins such as vascular endothelial growth factors A and C, which are involved in angiogenesis (i.e. the development of new blood vessels) in the CF airway (Martin et al., 2013; Verhaeghe et al., 2007) . PlcH has been demonstrated to be selectively cytotoxic to endothelial cells at mere picomolar concentrations, as compared with minimal cytotoxicity towards epithelial cells (Vasil et al., 2009) . One could imagine that expression of PlcH in the increasingly vascularized lung of a CF or COPD patient would result in an altered hostpathogen relationship that may not be advantageous. Future work will explore the consequence of Anr-mediated repression of plcH expression in models of chronic infection.
In an unexpected finding, Anr overexpression from a plasmid under high oxygen conditions increased PLC activity as measured by NPPC, suggesting that Anr promotes expression of a secondary NPPC-cleaving activity as it represses plcH expression (data not shown). The nonhaemolytic PLC, PlcN, is a candidate for this Anr-induced PLC activity, as it can hydrolyse the NPPC reagent, but inefficiently hydrolyses phospholipids in the context of membranes (Ostroff et al., 1990) . This would account for the increased PLC activity as observed by NPPC, but not observed on blood agar, and future studies will characterize this additional activity.
